Abstract
Introduction 34 35
A double emulsion is an emulsion entrapped within another emulsion. They can be oil-in- 36 water-in-oil (O1/W/O2) or water-in-oil-in-water (W1/O/W2) emulsions (Garti, 1997; Lamba, 37 Sathish, & Sabikhi, 2015). W1/O/W2 double emulsions are of interest for targeted fat reduction 38 of food products such as cheese and butter, in which the influence of fat droplets on the 39 microstructure influences the sensory properties (Goudédranche, Fauquant, & Maubois, 2000) . 40 Often, reduced-fat products have compromised sensory properties due to the reduced overall 41 volume of fat in the microstructure. Double emulsions can be used to retain the same perceived 42 volume of fat as in a full fat product, but with reduced calories due to the displacement of some 43 of the internal volume of the droplets. The strategy of employing double emulsions in foods 44 for fat reduction has been patented for salad dressings (Gaonkar, 1994) and previously reported In particular, to enable encapsulation, double emulsions usually consist of relatively large 56 external droplets (~20-100 µm) which have a strong tendency to coalesce, flocculate and 57 cream. Double emulsions also have a tendency to release the entrapped matter in an 58 uncontrolled manner (Garti, 1997) . As a result, large amounts of surfactants are typically 59 required to stabilise both the inner and outer phases of the formed emulsions (Matsumoto, Kita, 60 & Yonezawa, 1976).
62
Double emulsions can be created by first preparing an O1/W or W1/O emulsion using a high 63 or low hydrophilic-lypophilic balance (HLB) surfactant respectively and high shear processing 64 (Lamba et al., 2015) . The formed O1/W or W1/O emulsion is then dispersed into an oil or 65 water phase containing either low or high HLB surfactant, but with reduced shear to avoid 66 disruption of the outer droplets of the emulsion. Some of the internal phase is unavoidably lost 67 to the external phase during the second step, regardless of the emulsification method used 68 (Florence & Whitehill, 1982) . For double emulsions, non-ionic surfactants are preferred 69 (Matsumoto et al., 1976) , with hydrophilic and hydrophobic emulsifiers used to stabilize oil 70 and water droplets respectively. Monomeric emulsifiers tend to produce double emulsions with 71 shorter shelf life and inferior physical stability compared to those made with higher molecular 72 weight polymeric emulsifiers, such as proteins (Garti, Aserin, & Cohen, 1994) . Polymeric properties even in their native state (Leermakers, Atkinson, Dickinson, & Horne, 1996) , and 77 whey proteins that, when partially denatured, can be used to stabilize emulsified oil droplets.
78
Skim milk is widely available and amenable to application in many food products. Oil (7% flax 79 seed oil) has been emulsified directly into skim milk without the addition of surfactants using 80 ultrasound (176 W, 20 kHz) (Shanmugam & Ashokkumar, 2014) , to produce emulsions that 81 were stable to phase separation for at least 9 days.
83
Having smaller emulsified droplets in both inner and outer phases will increase the stability of 84 a double emulsion. The preparation of a W1/O emulsion with small-sized droplets in the first 85 step of W1/O/W2 preparation, has shown to be critical for providing stability to the system as 86 a whole (Kanouni, Rosano, & Naouli, 2002 scale, but is limited in its ability to produce very small droplets with a narrow size distribution.
90
In principle, microfluidizers are the most energy efficient and amenable to high throughput 91 processing, however they can be costly to maintain (Jafari, He, & Bhandari, 2006) .
92
Ultrasonication can produce small droplet with a narrow size distribution, and can be 93 implemented as a reasonably simple and low cost unit operation (Jafari, He, & Bhandari, 2007) .
95
The ultrasonication of fluids can result in acoustic cavitation, which is the formation, growth 96 and collapse of bubbles (Leighton, 1994) The high shear and temperatures generated during acoustic cavitation can also partially unfold can potentially be facilitated by free radicals generated through ultrasonic cavitation (Cavalieri, 125 Zhou, Caruso, & Ashokkumar, 2011).
127
The use of double emulsions, ultrasonic emulsification, and the use of dairy proteins as 128 emulsifying agents are topics of developing interest. So far, single emulsions have been 129 generated with ultrasound in dairy systems (Shanmugam et al., 2014) 
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Materials
152
The oil phase used in this study was sunflower oil (Woolworths Homebrand, Australia) The total mass of the emulsion was 7.5 g. Sonication was performed at 10 W calorimetric In the second step of the emulsification process, the pre-formed W1/O emulsion was added at 179 a loading of 0.375 g, 0.75, and 1.5 g into skim milk to create an emulsion with a total mass of 
Conductivity measurements
198
The addition of sodium chloride in the inner aqueous phase was used as an entrapment marker, The proportion of double emulsion expressed as inner aqueous droplets was further calculated 208 using:
Standards for each specific formulation used in the W1/O/W2 emulsion were prepared that 213 included the same concentrations of each component. These standards were prepared by 214 sonication with 20 kHz ultrasound for 2 minutes at 50% amplitude (34 W calorimetric power) 215 using an 11 mm horn in a container holding 50g of the standard. Note that an 11 mm was 216 selected to create these standards rather than using the 3 mm horn, as its larger active area 
Particle size measurements
251
The particle size of the double emulsion droplets was measured using a Malvern Mastersizer 
Reverse Phase High Performance Liquid Chromatography (HPLC)
261
The concentration of individual milk proteins remaining in the bulk skim phase was determined 
Zeta potential
274
The zeta potential of the particles in the double emulsions was measured using a Zetasizer 
Shelf life stability
282
The visual appearance of the double emulsions was assessed by direct observation and from 283 images obtained by optical and fluorescence microscopy. Conductivity was measured on the 284 day of preparation (day 1). Particle size was measured on days 1, 2, 5 and 7 (the measurement 285 was limited to 7 days since this is typical shelf life range of commercially pasteurised milk).
286
The formed emulsions were stored in the refrigerator at 4 °C between measurements on the 287 specified days. Prior to measuring conductivity, samples were allowed to equilibrate to room 288 temperature for a minimum of 2 hours. For data sets where a trend was apparent, a trend-line regression was fitted using Microsoft Figure S1 .
334
Secondary oil droplets 335 To verify that secondary oil droplets of sufficient size to encapsulate the primary aqueous 
342
To control the size of the secondary emulsion droplets, the ultrasound power applied was Information Figure S2 , photomicrographs in Figure S3 ). Figure 3B shows a corresponding 347 decline of internalised aqueous phase droplets with increasing ultrasound power. In Figure 3 , 348 we observe reasonably strong trends that relate sonication power and emulsion loading Figure S2) . The specific energy 368 applied during the emulsification process ranged from 1.3 kJ/kg at 2 W to 17.3 kJ/kg at 26 W.
369
The reduced effectiveness at low energy density and high oil phase volume is consistent with 
394
Those droplets observed to lack an entrapped phase are likely in a different focal plane.
396
The entrapped aqueous phase appears to be irregularly-shaped, i.e., non-spherical. These 
426
The encapsulation yield was also generally higher at 5% W1/O loading than at 10% or 20%. A 
435
The encapsulation yield achieved was somewhat disappointing, considering that (Garti et al., 
442
As NaCl can diffuse both in and out of the oil droplets, it is possible that the conductivity 443 measured will provide either an overestimate or underestimate to the degree of aqueous phase It was also attempted to make double emulsions without addition of Span 80 to the oil phase. The surfactant (Span-80) which is present in the oil droplets may also play a role in stabilising In addition to visual inspections of the emulsion stability, the particle size of the secondary oil In Figure 8 , we again observe a power-law trend that relates ultrasonication power with the 
604
So over time the concentration difference will be diminished predominantly by water diffusing 605 into the inner phase droplet. This will swell the internal droplets until they can no longer be 606 retained in the oil droplets, which will collapse, resulting in a reduction in the size of the 607 secondary emulsion droplets (Wen et al., 2001 ). This effect is exaggerated by the high salt 
